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Abstract— this paper presents a low profile stretch sensor 
for integration into soft structures, robots and wearables. The 
sensor mechanism uses a single piece of highly flexible and 
light weight optical fibre and is based on the notion that 
bending an optical fibre modulates the intensity of the light 
transmitted through the fibre, a technique often referred as 
macrobending light loss. In this arrangement, the optical fibre 
originates from sensor’s electronic unit, passes through a 
stretchable encasing structure in a macrobend pattern, and 
then loop back to the same unit resulting in a simplified 
electrical and optical design; the closed optical loop allows 
for no electronics at one end of the sensor making it safe for 
human robotics applications, and no optical interference with 
the external environment eliminating the need for complex 
conditioning circuitries. Of particular interest of the soft 
robotics community, the ability of this custom macrobend 
stretch sensor to flexibly adapt its configuration allows 
preserving the inherent softness and compliance of the robot 
which it is installed on. Our experimental results indicate that 
the optical fibre’s bending radius is the dominant design 
parameter for sufficiently complex patterns, a finding that can 
facilitate generalisation of the sensing methods across 
different scales. The measurement performance of the 
mechanism and its impact on the stiffness of the encasing 
structure is benchmarked against a custom calibration and 
testing system. 
I. INTRODUCTION 
Manufacturing of wearable robots using soft materials and 
actuation components [1-4] promises great potential 
particularly in the context of safe human-robot interaction 
[5,6], ergonomics and comfortableness [7]. However, it is 
faced with intriguing engineering challenges with respect to 
configuration and control [8]. In order to accurately control 
the robot motion, an appropriate sensing technology should 
be integrated into the robot structure. As an important 
requirement for maintaining the advantages of soft robots, the 
integrated sensor devices must preserve the softness of the 
robot structure [9]. Hence, development of novel sensors 
made out of soft or flexible materials is an important topic of 
research within the community. Such sensors are expected to 
provide useful information on the robot’s shape that can 
explain the motion patterns of the person wearing it. The 
information can subsequently be used to control the robot and 
to create a better understanding of the environment. 
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Figure 1. The proposed stretch sensor based on a single piece of 
optical fibre. Note that the superimposed dashed line in red shows 
the path for the optical fibre integrated inside the silicone structure.  
‘E’ and ‘D’ indicate the connections to the light emitter and detector, 
respectively. 
The complex motion patterns generated by these robots have 
been mainly tracked through incorporation of vision systems 
[10] and electromagnetic tracking [11]. However the visual 
techniques are often restricted with visual occlusion and 
electromagnetic tracking is subject to magnetic field 
distortions and have limitations with regards to mobility of 
the magnetic field generation system. 
An effective approach in soft robotic shape sensing is the 
integration of multiple stretch sensors into the robot’s body, 
in a strategic way. The information on the change of length at 
different locations can be then translated into appropriate 
shape information for use in robot control applications [9,11]. 
One of the best examples of off-the-shelf stretch sensors is 
resistive sensors based on conductive rubber materials 
(Images Scientific Instruments Inc, USA). Although, these 
sensors can be used for measuring the length via simple 
conditioning circuits, they suffer from large relaxation times 
and hysteresis [12]. Stretch sensors based on dielectric 
elastomers, supplied by StretchSense Ltd (New Zealand) and 
Danfoss PolyPower A/S (Denmark), are able to accurately 
measure the stretched length by a near linear voltage-length 
relationship. However, decoupling between different modes 
of sensing, e.g. pressure and stretch modes, is complex [13]. 
Fibre optic sensing systems work based on the modulation of 
the optical characteristics of the light transmitted through the 
optical fibre, including light intensity [14-19], wavelength 
[20], and polarization [21]. Light intensity modulation, 
modulating the intensity of the light transmitted via the fibre, 
has been employed in different configurations for pose and 
force sensing in soft robotics [9,15-19]. Fibre Bragg Grating 
(FBG) sensors have been used for shape sensing in continuum 
robots [22]. However, FBG systems are highly sensitive to 
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strain conditions. If they are subjected to a non-uniform strain 
field, the strain compensation is complex [23].  
Bending an optical fibre is an approach for light intensity 
modulation. Macrobend light loss happens by sufficient 
bending of the optical fibre beyond the point at which the 
critical angle for light reflection is exceeded [24]. The 
macrobending of an optical fibre connected to a light source 
can occur at multiple locations along the length of the fibre 
and lead to light loss that can be measured using a light 
detector [25]. Macrobend stretch sensors were proposed 
different configurations including semicircular (half turn), 
circular (one turn), and figure-of-eight [26] and were 
employed in a multi-layer configuration for plantar pressure 
and shear sensing [27] and for the development of a voltage 
sensor [28]. In this paper, we investigate the macrobend-
based sensing approach for developing low profile stretch 
sensors.  
The proposed stretch sensing system comprised of a fibre 
sensor mechanism; a lightweight and highly flexible optical 
fibre connected to a light emitter, passed through a stretchable 
encasing structure in a serpentine macrobend pattern, and then 
loop back to connect to a light detector, which is collocated 
with the emitter, as shown in Figure 1. As the sensor 
mechanism is stretched the amount of light transmitted 
between the optical emitter and detector changes, the change 
is measured using a FS-N11MN (Keyence, USA) fibre optic 
unit and translated into the respective change of length 
information. 
II. MATERIALS AND METHODS 
In this section, we describe our approach in designing the 
stretch sensor anchored on characterization of macrobend-
induced light loss experiments. Through this study, we aim to 
characterize the main parameters of the proposed stretch 
sensors: the bend fibre radius and the number of turns. The 
definition of an optical fibre turn with bend fibre radius r is 
illustrated in Figure 2 (a,b) [9]. 
A) Measurement of macrobend-induced light loss 
In order to characterize the fibre macrobend, precise bending 
of the optical fibre is required. The industry standard IEC 
60793-1-47 (measurement methods and test procedures: 
macrobending) recommends two methods for the bending of 
optical fibres for macrobend loss measurement including fibre 
winding, e.g. using mandrels, and quarter circle bends, e.g. 
using guiding groove structures on a flat surface (Figure 
2(c,d)). Whilst the former is the preferred way of bending for 
relatively large number of fibre turns, the later is more 
suitable for bending optical fibres in short lengths with 
relatively fewer bends.  
In an experiment the planar bend patterns were approximated 
using 3D winded patterns. This experiment uses both rigs, 
grooves and mandrels, and is aimed to identify the difference 
in macrobend loss when equal number of turns are produced 
                                                            
1 In this study, the SH1001-1.0 Super Eska™ Polyethylene jacketed 
optical fiber cord (Mitsubishi Rayon Co., Ltd., Japan) with a core 
through winding around a mandrel (Figure 2(c)) versus 
forming inside successive guiding grooves (Figure 2(d)). The 
experiment was performed for number of turns N= {1, 2, 3}. 
The experimental results imply that the sensing voltage 
depends on the bending radius and the number of turns in both 
cases, i.e. there are approximately equal sensing values 
(maximum difference of 3%) for two successive half turn 
using guiding grooves and a turn using mandrels. Therefore, 
we can calculate the macrobend loss in complex helical or 2D 
patterns of mutually-tangent circular arcs only through 
counting the number of turns and associated radii. 
 
Figure 2. The definition of the optical fibre turn: a half-turn (a) vs. 
a turn (b), with bend fibre radius r. Note that the bend fibre radius is 
measured from the inside curvature, (c) winding the fibre around a 
mandrel (three turns), and (d) a piece of optical fibre is precisely bent 
using two guiding groove structures on a flat surface (a total bending 
of one turn) [9]. 
Figure 3. The experimental data which indicates that bending the 
fibre through the two above-mentioned approaches (using mandrels 
and guiding grooves) achieves virtually the same results (voltage 
values) [9].	
 
In this study, we focus on designing serpentine (snake-like) 
stretch patterns requiring large number of optical fibre bends. 
Hence, a set of custom mandrels for the bending and winding 
of optical fibres were prepared1. When the optical fibre is 
diameter of 217-263 µ and weight of 0.74 g/m has been used for 
experimentation. The mandrels were designed in SolidWorks 3D 
  
bent, the intensity of the modulated light is measured using 
the FS-N11MN fibre optic unit, which provides a pair of light 
emitter and light detector and converts the light intensity to 
voltage. In order to characterize the macrobend loss, mandrels 
of various cross-section radii r = {2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 
6, 6.5, 7} mm for winding multiple turns N= {1,…,10} of 
optical fibres were used. It was observed that increasing the 
number of fibre turns leads to a reduction in the intensity of 
the light detected by FS-N11MN and the respective sensing 
voltage (Figure 4(a)). Note that the measurements of the 
voltage were taken every half a turn, hence we have 21 
measurement points per radius. It can be seen that, there is a 
clear elbow in each constant radius graph where the number 
of turns is 5. After this point, the rate of reduction in voltage 
values is negligible, e.g. a maximum change of 4% in the 
voltage values was measured whilst increasing the number of 
turns from N=5 to N=10 across different radii. In order to 
further explain this observation, the standard deviation (SD) 
of the last 11 samples of voltage at each radius was calculated 
and then divided by the standard deviation of the whole 21 
samples at each radius to result in a normalized standard 
deviation expressed as [9], 
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   (1) 
where 𝑣D,6 is the voltage value corresponding to the sample 
number i = {1,..., 21} and the bending radii r = {0.5, 1, 1.5, 2, 
2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7}. The 𝜂6 and 𝜇6 represent 
average voltage values at constant radius r, 
 𝜂6 = *** 𝑣D,6G*DH** , 𝜇6 = *G* 𝑣D,6G*DHI   (2) 
   
Figure 4(b) shows that the ratio of absolute deviation of the 
last 11 samples and the standard deviation of all 21 samples 
significantly decrease by increasing the bend fibre radius. 
Note that, in Figure 4(c) the absolute standard deviation of the 
last 11 voltage samples at each radius is shown, which is less 
than 0.04V. Therefore, the dependence of the voltage to the 
number of turns can be assumed negligible when the number 
of turns is equal or greater than 5. This assumption simplifies 
designing sensing systems based on macrobend loss, taking 
into account the bend radius as the only significantly 
influencing design parameter. Hence, in this study, we focus 
on the design and implementation of a stretch sensor with 
number of turns equal or greater than 5. 
In general, the light loss in an optical fibre occurs when the 
radius of bending is below a specific threshold called the 
Minimum Bending Radius (MBR). This value is a function of 
the material properties, thickness, and also the number of 
turns [29, 30]. The MBR for a quarter turn of the SH1001-1.0 
Super Eska™ Polyethylene jacketed optical fibre used in this 
study is 5mm, according to its datasheet. It was 
                                                            
CAD software (SolidWorks Corp.) and fabricated from Visijet 
EX200 via a Projet HD 3000 3-D production system. 
experimentally observed that a quarter bend can produce 0.1 
V drop in the sensing voltage. Clearly, increasing the number 
of turns causes drop in sensing voltage and, hence, raises the 
value of the MBR. It is worth reiterating that, in this study, we 
aim at designing macrobend sensors with N ≥ 5. In an 
experiment we observed that, a 0.1 V voltage drop happens 
by bending under the radius of 6.5 mm when N ≥ 5. Hence, 
the value of MBR is 6.5 mm for the proposed stretch sensor. 
B) Macrobend stretch sensor design 
The design of the macrobend stretch sensor has considered 
the following criteria: (1) it should be highly compact at 
compression, and stretchable to a particular length required 
by the actuator it is coupled with to measure its length change. 
(2) in order to keep sensor optoelectronics away from the 
sensing site, the fibre should be looped to place the light 
emitter and detector next to each other, at one end of the 
sensor.  
The fabrication of the sensor started by designing and 
fabrication a simple container that allow easy integration of 
the optical fibre in a serpentine form, followed by the 
insertion of the fibre and filling the container with Eco-flex 
00-50 silicone rubber materials (Smooth-on Inc.). The 
combination was cured in room temperature. 
Furthermore, the loopback design of the macrobend stretch 
sensor is illustrated in Figure 5(a) indicating locations of tip 
vertices, lateral vertices, and fibre cross-overs. It is important 
to note that during a full stretch of the sensor, the radius of 
curvature of lateral vertices are increased resulting in an 
increment in the light intensity, whilst the radius of curvature 
at the tip vertex is decreased generating an inverse effect on 
the light intensity value. Therefore, the voltage output is not 
valid if the bend fibre radius at the tip vertex is less than the 
MBR of the optical fibre (𝑟 < 6.5mm). In order to avoid this 
problem, the radius of curvature at the tip vertex of the sensor 
must be always kept above the MBR, so that this vertex is not 
used for sensing. 
Three key phases of stretch sensing, each comprised of a 
chain of ellipsis where 𝑎	and 𝑏 represent semi major axes of 
each ellipse, are shown in Figure 5(a,b). Each ellipse has two 
lateral vertices that can be designed to produce certain levels 
of light loss at certain stretch levels of the sensor structure. 
The levels of light loss depend on how the bend fibre radius 
of lateral vertices is changing in relation with the MBR. We 
assume that the perimeter of each ellipse remains constant 
during the length change of the sensor structure, which means 
there is no exchange of fibre length at fibre cross-over 
locations during the operation of the sensor. Hence, given the 
number of ellipses N and the bend fibre radius of the balanced 
configuration (𝑟	R'&'10-), a unique sensor structure can be 
designed. Table 1 summarizes the impact of the choice of 𝑟R'&'10- on the compactness and stretchability of the sensor, 
suggesting that 𝑏.'S = 𝑟	R'&'10-	= MBR can be considered as 





𝑏.'S is regarded as a measure for the stretchability of the 
sensor, also 𝑤.'Sincreases with 𝑏.'S and represents the 
maximum value of the semi major axis b. In an experiment 
we observed that the FS-N11MN voltage value is 1.35V at a 
bend fibre radius of 0.5mm (this value was measured by 
winding the fibre around a still needle with the diameter of 
1mm). The 𝑏	=0 cannot be implemented and tested using 
mandrels. Here, we consider 𝑏.41=0.5mm to allow sufficient 
voltage margin with the radius range that cannot be tested 
through this approach, where 𝑏.41	is the minimum value of 
the semi major axis b. 
 
 
Figure 4. (a) The FS-N11MN voltage output as the number of 
macrobend turns around the mandrel is increased, (b) the radio of 
standard deviation of last 11 samples and the standard deviation of 
all 21 samples significantly decreases by increasing the bend fibre 
radius, (c) the absolute standard deviation of last 11 voltage 
samples at each bend fibre radius [9]. 
The design of stretch sensors requires information on the 
minimum and maximum stretch at these locations. Referring 
to the Figure 5(a), the number of ellipsis can be calculated 
through, 𝑁 = VWGX	Y% − 1  (3) 
      
Figure 5. (a) The loopback configuration of the macrobend stretch 
sensor, (b) the three key phases of sensing including compression, 
balance, and extension [9]. 
 
In this study, the active length of the sensor is 𝐿 =𝐿.'S =57mm, 𝑏	= 4.2mm < 𝑏.'S =	6.5mm, and f =1mm, 
and therefore, the number of ellipsis (fibre turns) can be 
computed as N=6. Note that N=6 is satisfying the optical 
condition (N ≥ 5) for relying only on the radius of curvature 
in calculation of the macrobend loss, discussed in Figure 4(a) 
and 4(b).  
C) Sensor calibration and benchmarking 
In order to experimentally validate the sensor design, the 
sensor was mounted on a custom calibration system 
comprised of a motorised linear guide, a motion controller 
and a Nano17 6-axis F/T sensor. By stretching the sensor, the 
macrobend structure is expected to be continuously modified 
from highly compressed to the balanced configuration, ideally 
providing a sensing range of 1-5V which is the measurable 
range by FS-N11MN fibre optic unit.  
6(a) shows the experimental setup of a test where the stretch 
sensor was subjected to uniaxial elongation. The voltage 
output of the FS-N11MN fibre optic unit and the motor 
position were synchronously acquired during the test. This 
characterization test was run for 5 cycles and the sensor’s 
voltage-length relationship and respective error values are 
presented in Figure 6(b,c). The maximum error of 2.8mm can 
be due to possible latency caused by hysteresis, resulting from 




Table 1. The choices of the balance bend fibre radius 𝑟	R'&'10-	 and 
their impact on stretchability and compactness of the sensor 
structure. 
 
Figure 6. (a) The experimental calibration set-up, (b) the sensor 
length-voltage relationship (over 5 cycles) and respective 2nd order 
fit to the data, and (c) the error values. 
 
D) Stiffness test and impact of the sensor integration on 
linearity of the soft structure 
 
We have performed a force test to study the stiffness 
properties of the stretch sensor and the possible impact of 
sensor integration to the linearity of the elastic silicone 
material.   
 
Figure 7.  Sensor’s impact on linearity of the silicone structure: (a) 
the experimental force sensing setup, and (b) experimental results. 
Note that a Nano17 F/T sensor is linked in serial with the macrobend 
stretch sensor. 
 
In this experiment, a Nano17 force sensor fixed to the moving 
platform of a motorized linear guide was serially linked to the 
sensor. This experimental arrangement, shown in Figure 7(a), 
provided position and force information during the extension 
and compression of the sensor (Figure 7(b)). 
 
The experimental results show that the maximum stiffness 
coefficient of the stretch sensor is approximately 0.4N/mm 
and it demonstrates a near-linear behavior. Therefore, it can 
be concluded that, the integration of the optical fibre into the 
silicone structure has a negligible impact on the linearity of 
the structure. 
III. CONCLUSIONS AND FUTURE WORKS 
In this study, low profile stretch sensors created from highly 
flexible and light weight optical fibres exploiting bend-
induced light loss sensing principle. The light outputs passing 
through the optical fibres varies due to macrobend loss, which 
is a function of the fibre bend radius as well as the number of 
repeated turns. This study revealed that the chosen bend 









compression yes yes yes 
balance no yes yes 
extension no no yes 
Stretchability 
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intensity values than the number of turns N (if N ≥ 5). Hence, 
taking into account that the bend radius is the only 
significantly influencing design parameter, macrobend stretch 
sensors with N ≥ 5 were developed to create a low cost and 
low profile solution to stretch sensing in soft robots.  
The sensor is designed so that the optical fibre originate from 
the base and extend to the tip of the sensor structure in a 
serpentine pattern, then loop back to the base to allow placing 
all required opto-electronics at one end of the sensor. This 
loopback optical fibre system is inherently safe as no 
electrical current is required to pass through the sensor’s soft 
structure, and is suitable for modular as well as array 
implementations. Since, in the proposed sensor, a single piece 
optical fibre creates a closed optical loop between the emitter 
and the detector, it is immune to the external lighting 
conditions. Moreover, the ability of the macrobend stretch 
sensors to flexibly adapt their configuration allows preserving 
the inherent softness and compliance of soft actuation systems 
they are coupled with.  
The future work will consider improvements on the 
fabrication process of the sensor enabling creation of identical 
sensor components.  
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